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Abstract
Tissue engineering aims to repair and regenerate damaged tissues by developing biological substitutes mimicking the natural 
extracellular matrix. It is evident that scaffolds, being a tri-dimensional matrix, are of extreme importance providing the 
necessary support for the new tissue. This new tissue is cultivated in vivo or in vitro in a bioreactor in which is placed the scaffold
with cells. In order to control the cell culture process inside of a bioreactor it is essential to know the fluid flow inside and around 
the scaffold in order to know witch parameters must be controlled in order to obtain optimum conditions to cell culture. The wall 
shear stress must be adequate to the tissue to be cultivated, i.e., bone, muscle, cartilage and it is known that a proper stimulus is 
necessary to improve the cell proliferation inside the scaffold.
This study considers a novel multifunctional bioreactor with a perfusion system module and it is intended to optimize the fluid 
flow within the chamber and the scaffold by assessing the turbulence kinetic energy and the velocity.
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1. Introduction
The field of tissue engineering represents the combination of concepts and ideas from several disciplinary areas 
such as biology sciences, engineering, material science and the clinical procedures [1]. Different applications are 
being developed and tested in clinical trials, all of them aiming to restore, maintain or create new tissues to implant 
on patients suffering of tissue loss or damage [2].
Tissue engineering technologies involves a biological triad that is based on the successful interaction between 
three main key factors to create new tissues (Fig. 1), regarding if it is bone, cartilage, blood vessels or liver [3,4].
x First factor is the design of appropriate scaffolds to mimic the behaviour of the extracellular matrix and 
hold the cells together. This structure most have an adequate porosity to enhance cell proliferation as 
well allow the transport of nutrients and metabolic waste, must be biodegradable and biocompatible, 
possess good mechanical properties and a suitable surface for cell attachment phenotype [5].
x Second factor, the cell source. Although there has been much interest in the use of autologous cells to 
create new tissue, there was a recently interest in the use of stem cells due to their un-differentiation.
x Third important factor of tissue engineering relies on appropriate signals to perform the tissue 
cultivation, i.e. mechanical and chemical signals that direct the cells to express the desired tissue [6].
Fig. 1. Contributing factors for Tissue Engineering development.
1.1. Bioreactors for Tissue Engineering
A bioreactor is commonly applied to a closed culture environment that allows the control of one or more 
environmental or operating variables that affect biological processes, in this case, tissue culture (Fig. 2) and all of 
these processes occur under a closely monitored and tightly controlled environment. The use of bioreactors in tissue 
engineering have the goal to develop in vitro new tissue by providing biochemical and physical regulatory signals to 
cells in order them to differentiate and/or to produce extracellular matrix prior to in vivo implantation [7].
Fig. 2. Influence of the multiple factors on functional tissue culture.
There are several types of bioreactors distinguished essentially by the different configuration or the application of 
different stimuli to the cells being each bioreactor tailed for different tissues [8].
By forcing the medium flow directly through the pores of the scaffold, the perfusion bioreactor presents with this 
a distinctive characteristic, which results in an enhanced mass transfer around the scaffold and also in the internal 
pores facilitating the cell grow. However, due to the direct medium flow, the shear stress values at the scaffold can 
be high in this kind of bioreactor resulting in cellular necrosis [9].
In order to avoid the cell damage, were carried out studies to understand the medium flow on the perfusion 
bioreactor considering three different inlet and outlet membranes and four different configurations for the pistons.
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2. Methods
2.1. Perfusion Bioreactor Design
With the aid of a parametric CAD software, a perfusion bioreactor chamber with two dynamic pistons was 
modelled. The pistons have an axial movement and they can are controlled separately. Figure 3 shows all the 
measurements of the perfusion chamber and the minimum and maximum lengths that each piston can have in order 
to obtain an adequate stimulus, necessary to the cell proliferation.
Fig. 3. Model and measures of the perfusion bioreactor.
For the optimization and study of the fluid flow within the chamber, the pistons were positioned in four different 
configurations as showed in Fig. 4a, 4b, 4c, 4d. The piston positions are defined as the Open position the most 
distant to the scaffold and the Close position the closest to the scaffold. With these two piston positions, four 
different piston configurations may be obtained: 1) both pistons in the Open position (OO); 2) Inlet piston (left) 
Open and the Outlet (right) piston in a Close position (OC); 3) Inlet piston (left) Close and the Outlet (right) piston 
in a Open position (CO); 4) both pistons in the Close position (CC).
Commonly in all the perfusion bioreactors the fluid flows directly to the scaffold in a linear way, originating most 
of the times a uniform distribution of the fluid in the scaffold surface but sometimes the fluid also reaches high 
values of shear stress due to the high impact of the fluid right into the scaffold resulting in cellular necrosis. In this 
particular perfusion bioreactor, besides the straightforward fluid, the aim is also to have, in a controlled way, 
different tensions, and different velocities, forcing the scaffold to proliferate the cells with different stimulus to 
create a heterogeneous tissue. In order to accomplish these differences and to better understand the correlation 
between the changes of the fluid velocity on the surface of the scaffold, three different membrane configurations 
were modelled: 1) in the first membrane, the fluid flows parallel to the chamber walls (perpendicular to the scaffold 
surface) denominated as PC (Fig. 4e); 2) in the second membrane configuration, the pores of the membrane redirects 
the fluid to the centre of the chamber (Inward), referred IW (Fig. 4f); 3) in the last membrane, the pores of the 
membrane redirects the fluid towards the walls of the chamber, referred as TW (Fig. 4g).
Fig. 4. The four configurations of the pistons where a) is the Open-Open position, b) is the Open-Close position, c) the Close-Open position and 
d) the Close-Close position and the three configurations of the membranes where e) Parallel (PC) configuration, f) the Inwards (IW) 
configuration and g) the Towards (TW) configuration.
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2.2. CFD Conditions
For the Computational Fluid Dynamics (CFD) simulation, the combination of the four piston configurations and 
the three membrane configurations were considered. The number of finite elements and their average size used in 
the mesh of the CFD analysis for each configuration is displayed in Table 1.
Table 1. Mesh conditions used in the CFD analysis.
Chamber Configuration Total Elements Average Elements Size [mm]
PC-OO 3850276 0,825
PC-OC/PC-CO 4313385 0,826
PC-CC 4780823 0,828
IW-OO 3070320 0,817
IW-OC/IW-CO 3382761 0,819
IW-CC 3688855 0,820
TW-OO 3088909 0,818
TW-OC/TW-CO 3416962 0,819
TW-CC 3718000 0,820
The CFD simulations were carried out taking into account the properties of the fluid, different velocities and the 
chamber of the perfusion bioreactor properties as inlet and outlet dimensions as listed in Table 2.
Table 2. Fluid characteristics and chamber properties used in the CFD analysis.
Parameter Value
Density 1030 Kg/m3
Dynamic Viscosity 0,0025 Pa/s
Flow velocity 0,1/0,2/0,3 m/s
Pressure 1 atm
Flow regime Subsonic
Turbulence model Laminar
Bioreactor in/outlet diameter 8 mm
Bioreactor chamber diameter 50 mm
Bioreactor volume (maximum) 785,71 mL
2.3. Turbulence Kinect Energy
One of the fundamental problems of Fluid Dynamics has been, and still is, the Turbulence. Taking that into 
account, there are several theoretical analysis and prediction models that are carried out in CFD simulations [10].
The description of turbulent flow is so complex, and for that reason, the existing formulations may go from just
simple definitions of skin friction or heat transfer coefficients, going up to a more specific energy spectra’s and 
turbulence fluctuation magnitudes and scales [11].
Fluid can be characterised by several models: there are the zero-equation models, one-equation models, two-
equation models and there are more advanced models. To carry out the study of the turbulence within the chamber 
of this perfusion bioreactor, the Turbulence Kinetic Model (TKE) was used and it is a one-equation model. It’s an 
alternative to the algebraic model and it predicts, by solving one additional transport equation, the turbulent flow. 
Despite the fact that common turbulent scales are often used as the variable in the transport equation, one of the 
most used methods is the calculation of the characteristic turbulent velocity scale proportional to the square root of 
the specific kinetic energy of turbulent fluctuations that is usually referred as turbulence kinetic energy, denoted by 
k. The variable k can be obtained by the mean of the turbulence normal stresses:
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where k is the turbulence kinetic energy; u’, v’ and w’ are the three fluctuating components of velocity. The full 
form of the TKE equation can be observed in the following equation:
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where tk ww is the local derivative; jj xku ww is the advection value; ii xpu ww ''1 0U is the pressure 
diffusion; ii xku ww ' is the turbulent transport (T); vxkv j
22 ww is the molecular viscous transport value; 
jiji xuuu ww'' is the production (P); jjii xxuuv wwww '' is the dissipation ( kH ); and the 30 '' iiug GUU 
buoyancy flux [12].
3. Results and Discussion
3.1. Velocity
As mentioned before, the simulations were performed taking into account three different velocities, namely V1, 
V2 and V3 with the corresponding velocities of 0,1/0,2/0,3 m/s, respectively.
The simulations were carried out to better understand the behaviour of the fluid inside the chamber and is 
possible to observe in Fig. 5, that for V1 (0,1 m/s) the configuration that reaches the highest value of velocity is the 
TW-CC reaching a value of 0,1144 m/s, being the lowest value the configuration PC-OO with 0,1125 m/s.
Fig. 5. Velocity results for all the configurations for V1 (0,1 m/s).
Observing the velocity streamlines, it’s possible to analyse that both the highest values reached within the
perfusion bioreactors were achieved in the inlet and outlet tubes. Additionally, in the case of the TW-CC 
configuration (Fig.6a), the membrane forces the flow towards the walls and it creates vortexes increasing the 
velocity within the chamber, even if the velocity drops down severely when it exits the membrane due to the higher 
volume of fluid present in the chamber. In the case of the PC-OO configuration, the flow is in a straight line and the 
values within the chamber are very low. Another interesting issue is that the PC configuration has the lowest values 
of velocity except when it’s in the position CO when it presents highest value when compared to the other two 
configurations, namely IW and TW.
Fig. 6. V1 velocity streamline results for a) the TW-CC configuration and b) the PC-OO configuration.
ba
Inlet Outlet Inlet Outlet
1243 D. Freitas et al. /  Procedia Technology  16 ( 2014 )  1238 – 1247 
Regarding the V2 velocity (0,2 m/s), it’s possible to observe that the TW configuration has generally the highest
values, and the same value was obtained by the configurations TW-CC and TW-CO 0,2283 m/s (Fig. 7). This occurs
due to the Close position of the inlet piston creating vortexes right next to the exit of the membrane pores. In spite of 
the fact that the velocity lowers when it exits the membrane due to the high diameter of the chamber, indeed the TW 
configuration creates vortexes (Fig. 8a) aiding the fluid to reach higher velocities within the chamber.
Fig. 7. Velocity results for all the configurations for V2 (0,2 m/s).
The lowest value was obtained by the IW-OC configuration was 0,2250 m/s, that it’s also due to the vortex 
created by the oriented filaments of the membrane, but in this case instead of redirecting the fluid towards the 
scaffold, the vortex has an opposite rotation removing the fluid that goes straight to the scaffold and redirecting it 
towards the wall of the chamber as it shows in Fig. 8b. With the increase of the input velocity the IW configuration 
obtained almost all the lowest values due to the referred vortexes.
Fig. 8. V2 velocity streamline results for a) the TW-CC configuration and c) the IW-OC configuration.
For the V3 velocity (0,3 m/s), the configuration TW presents the highest fluid velocity in all the configurations, 
as illustrated in Fig. 9 and that is due to the vortexes created by the redirection of the fluid after passing through the 
membrane (Fig. 10a). On the other hand, the IW configuration presents the lowest values in all the configurations, 
also due to the vortexes created by redirecting the fluid inwards the centre of the chamber creating an opposite force 
to the fluid coming from the inlet (Fig 10b).
Fig. 9. Velocity results for all the configurations for V3 (0,3 m/s).
ba
Inlet Outlet Inlet Outlet
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The configuration with the highest velocity value was the TW-CO with 0,3424 m/s (Fig. 10a) and the lowest 
velocity was obtained by the IW-OC configuration with 0,3366 m/s (Fig. 10b). Important to refer that all the values 
of the charts present the maximum values for each configuration to better understand what each configuration is 
capable of and how to obtain a better configuration option in cell culture.
Fig. 10. V3 velocity streamline results for a) the TW-CO configuration and c) the IW-OC configuration.
3.2. Turbulence Kinect Energy
Using the TKE one-equation model, it was possible to observe the fluid turbulence behaviour within the chamber 
and in the scaffold. For the V1 velocity it’s observable in the Fig. 11 that the IW configuration has a highest value
for all the configurations being the IW-OC and IW-CC the ones with the higher values, 1.822e-3 m2/s2, being this 
value reached in the middle of the membrane exit because it redirects the fluid inwards to the chamber. The TKE 
results for the V2 velocity doesn’t differ too much from the V1, and for the V3 velocity, the turbulence values are 
higher as expected but the tendency remains the same.
Fig. 11. Turbulence results for all the configurations for V1 (0,1 m/s), V2 (0,2 m/s) and V3 (0,3 m/s).
In the V1 velocity, the configuration with lowest values is the PC with the lowest value 9.391e-4 m2/s2 for the 
configuration PC-CC (Fig. 12b) and this occurs due to the direction of the pores of the membrane being parallel to 
the chamber and to the direction of the inlet fluid.
ba
Inlet Outlet Inlet Outlet
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Fig. 12. V1 turbulence results for a) the IW-OC configuration and c) the PC-CC configuration.
In the V2 velocity, higher values of turbulence was obtained by configuration IW-OO with a value of 5.365e-3
m2/s2 located in the exit of the fluid in the membrane where, in this case, the fluid is being redirected to the centre
(Fig. 13a). The configuration that obtained the lowest value was the PC-CC (Fig. 13b) with 2.819e-3 m2/s2 located in 
the middle of the inlet membrane.
Fig. 13. V2 turbulence results for a) the IW-OO configuration and c) the PC-CC configuration.
In the V3 velocity, the configuration that obtained the highest turbulence value was the IW-CO with 1.268e-2
m2/s2 located in middle pores of the inlet membrane (Fig. 14a) where in the section of the scaffold the turbulence 
occurs more in the middle originating lower values of turbulence on the periphery of the scaffold. The PC-OO
configuration reached a value of 7.114e-3 m2/s2 of turbulence in the middle of the inlet pores membrane, and in 
relation with the scaffold the turbulence is more homogenous, resulting in a uniform stimulation of cells on the 
scaffold (Fig.14b).
Fig. 14. V2 turbulence results for a) the IW-CO configuration and c) the PC-AA configuration.
ba
Inlet Outlet Inlet Outlet
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4. Conclusions
From the results it’s possible to conclude that the TW membrane configuration is the one that allows having 
higher velocities within the chamber and in the scaffold area (Fig. 15), due to the vortexes created by the fluid being 
forced towards the wall of the chamber. In this case the vortexes located in inner centre of the chamber and with a 
clockwise rotation, giving the fluid more velocity direct towards to the outer part of the scaffold. The scaffold has a 
low velocity in the middle section and a higher velocity in the periphery areas with this configuration. Also with this 
configuration, when the position of the pistons are in OO and OC, the velocity is tendency lower than in the other 
two positions and this is probably due to the higher volume of fluid in the chamber before passing by the scaffold.
With the PC configuration the fluid runs parallel to the chamber and perpendicular to the scaffold surface, having 
a lower fluid velocity value that the IW configuration when the input velocity is lower (V1) but higher fluid velocity
values that the IW configuration with a high input velocity (V3). With this configuration the velocity within the
chamber is higher when the pistons are in the CO and OC positions due to the proximity of the piston to the 
scaffold, when compared to the OO or CC positions. The fluid with this configuration hits the scaffold more 
homogenously having a fluid velocity around the scaffold more constant.
The IW configuration has higher velocities than the PC configuration with low input velocities (V1) but lower 
velocity values than the PC configuration with higher input velocities (V3). In all the input velocities, the IW 
configuration has lowest values than the TW configuration due to the vortexes created from the fluid flowing 
inwards to the centre of the chamber creating these vortexes in the outer part of the chamber (close to the walls of 
the chamber). These vortexes run counter-clockwise and lower the fluid velocity towards the scaffold directing the
fluid to the middle part of the scaffold and reducing the fluid from running to the outer parts of the scaffold. With 
high input velocities, the vortex gets bigger reducing proportionally the fluid velocity towards the scaffold (Fig. 15).
Fig. 15. Velocity comparison in percentage between the different configurations.
Regarding the turbulence values, the difference between each configuration is higher than the difference between 
velocities value reaching almost 50% of each configuration. 
The IW configuration has higher values (Fig. 16) in all the input velocities and in all configurations due to the 
vortexes created by the membrane configuration. Having bigger vortexes increase the turbulence value and lower 
the velocity value for the IW configuration due to the vortex being located in the outer part of the chamber.
The IW configuration combined with the PC configuration is the one with the lowest turbulence values due to the 
membrane configuration having the pores parallel to the fluid direction and forcing the fluid towards the scaffold 
surface with a more homogenous distribution of the fluid.
The TW configuration presents the lowest turbulence values when compared to the IW configuration (Fig. 16). In 
this case, the vortexes created by the TW configuration are smaller and are located in the inner centre of the 
chamber helping the fluid to gain velocity and directing it towards the scaffold.
Fig. 16. Turbulence comparison in percentage between the different configurations.
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